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A magnetic force microscope �MFM� was used to image topography and magnetic forces from a
 
chain of submicron single magnetic domain particles produced by and contained in isolated
 
magnetotactic bacteria. The noncontact magnetic force microscope data were used to determine a
 
value for the magnetic moment of an individual bacterial cell, of order 10�13  emu, consistent with
 
the average magnetic moment of bacteria from the same sample, obtained by superconducting
 
quantum interference device magnetometry. The results represent the most sensitive quantiﬁcation
 
of a magnetic force microscope image to date. © 1995 American Institute of Physics.
 Magnetic force microscopes have been used for high 
resolution imaging of a variety of samples of interest in mi-
cromagnetism. However, the potential of MFMs has yet to be 
realized because of the difﬁculty of quantifying the magnetic 
ﬁeld the MFM measures. Some progress towards quantiﬁca-
tion has occurred,1 but has been limited primarily by the 
uncertainties in the micromagnetics of the specimens. As a 
step towards overcoming this limitation, we have quantiﬁed 
the response of a MFM to a simple micromagnetic system 
consisting of a linear chain of single magnetic domain par-
ticles within a magnetotactic bacterium. The geometrical 
simplicity of the particle chain facilitates the quantiﬁcation 
process because it was possible to estimate the total magnetic 
dipole moment of the chain assembly by simply measuring 
the chain length. This estimate provided the starting point for 
a nonlinear model of the MFM image. The ﬁtted moment 
resulting from the nonlinear model agreed well with the av­
erage moment estimated from magnetic measurements on a 
bulk sample of the bacteria. 
Magnetotactic bacteria mineralize intracellular magneto-
somes, which are membrane-enclosed, single-magnetic­
2 domain particles of magnetite, Fe3O4, or greigite, Fe3S4. 
The particles are characterized by a narrow size distribution 
and species-speciﬁc crystalline habit. Magnetosomes are ar­
ranged in one or more linear chains along the symmetry axis 
of the cell, which constitutes a permanent magnetic dipole in 
the cell. The torque exerted by the ambient magnetic ﬁeld on 
the permanent cellular dipole causes the bacterium to be ori-
ented and to migrate along the magnetic ﬁeld lines, a phe-
nomenon referred to as magnetotaxis. For this study, the 
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vested as previously described.3 Cells were ﬁxed with 1% 
gluteraldehyde and freeze dried. The freeze drying process 
insured the magnetosomes were close to the surface of the 
cell, simplifying the magnetic imaging. The freeze-dried 
cells had a coercivity of 385 Oe at room temperature. Indi­
vidual magnetite particles in strain MV1 are truncated hexa­
hedral prisms with average dimensions of 53�35�35 nm 
and organized in a single linear chain of 10–25 particles.4 
Using a SQUID magnetometer,5 the average moment per 
bacterium was determined to be 1.6�10�13 emu at 300 K 
agreeing with previous measurements of the moments of 
magnetotactic bacteria.1,6 
To correlate the magnetic ﬁeld measurement with an in-
dividual cell, it was necessary to obtain the topographic and 
associated magnetic images of the magnetotactic bacterium 
with the same cantilever. A Nanoscope III from Digital In­
struments was used in the ‘‘tapping mode’’7 to get a topo­
graphic image of the cell. The cantilever was then retracted 
from the surface and a noncontact magnetic force mode im­
age was taken over the same area of the sample. This process 
of alternating short-range topographical and long-range mag-
netic images was repeated several times. A lateral drift of 
only a few nanometers between successive topographic im­
ages was observed. Figure 1�a� is a tapping mode image of 
the cell topography; the rough surface features are evidently 
effects of the freeze drying procedure. Figure 1�b� is the 
MFM image over the same area as Fig. 1�a�. 
The long-range magnetic interactions between the tip 
and the sample affect the mechanical behavior of the canti­
lever. When the magnetic perturbation is small and constant 
over the range of the cantilever motion, it can be shown that 5/66(19)/2582/3/$6.00 © 1995 American Institute of Physics 
�FIG. 1. �a� A contact mode image of a freeze-dried MV-1 cell is shown on 
the bottom. The cell has experienced signiﬁcant lysing from the freeze-
drying process. �b� On the top is a MFM image taken immediately following 
the contact mode image. The MFM image was taken at a height of 50 nm 
above the surface of the bacteria. Dipolar ﬁelds originating from the freeze-
dried cell are clearly visible in this image. 
the magnetic forces cause changes in the amplitude of the 
cantilever �A , given by1,8 
�A 1 �2B 
�A� � � m�r�• 2 �r�r��d3r�.��D  max 2k Tip Volume �z
D 
�1� 
Here, �A/��D��max is the experimentally determined slope of D 
the amplitude versus drive frequency curve and the drive 
frequency �D , which is usually chosen to maximize the 
MFM response, k is the measured spring constant of the 
cantilever, r and r� are vectors deﬁned in Figs. 2�b�, m�r�� is 
the tip magnetization and the integral is taken over the vol­
ume of the magnetic material coating the cantilever tip.1 
As seen in Eq. �1� the response of a MFM depends on a 
number of experimental parameters, including the magnetic 
state of the tip and the sample. To determine the magnetic 
state of the tip we used a ﬁeld emission electron microscope 
to determine the shape, measured the bulk properties of the 
CoCr magnetic ﬁlm used to coat the cantilevers, and ﬁt 
MFM traces to the average ﬁelds expected from bit transi­
tions in a thin-ﬁlm magnetic hard disk. From this process, it 
was estimated that the magnetic ﬁlm coating on the tip had a 
magnetization of M tip�720 emu/cm3, was magnetized pri­s 
marily perpendicular to the tip surface �see Fig. 2�a��, and 
had a coercivity of approximately 300 Oe, large enough so 
that ﬁeld from a cell was not sufﬁcient to reverse the tip 
FIG. 2. �a� The model of the MFM tip and chain of magnetosomes used in 
this work. �b� Details of the tip model including an illustration of the tip 
magnetization. Appl. Phys. Lett., Vol. 66, No. 19, 8 May 1995 2FIG. 3. This is a gray scale image of �2Bz /�z above a chain of 21 mag­
netosomes. The magnitude of the ﬁeld is denoted by color, white being 
positive and dark being negative. The values of the ﬁeld have been scaled by 
the maximum magnitude of the ﬁeld at a particular height to maximize the 
contrast at that height. The range of heights possible for our MFM tip is 
indicated in the ﬁgure as ‘‘Scan Range’’. z�1.3 �m is also labeled. Below 
this value, the lateral distance between the minimum and maximum of the 
ﬁeld is equivalent to the length of the chain of magnetosomes. 
magnetization. The shape of the tip was determined by elec­
tron microscopy to be a truncated pyramid with an angle of 
20° and a height of 10 �m. The radius of the tip was 20 nm. 
Similar tip dimensions have been reported by other 
investigators.9 The spring constant of the cantilever was 
measured to be k�0.8 N/m.10 
The separation between the tip and the surface of the 
freeze dried cell was determined by the z-piezo calibration to 
be 50 nm. Because of the chain of magnetosomes resided at 
some unknown distance below the cell surface, this number 
was considered a minimum value for the tip-magnetosome 
separation. The tip-sample separation was therefore included 
in the analysis as a nonlinear ﬁtting parameter constrained to 
be between 50 and 120 nm. 
For modeling the MFM image of the magnetosomes, it 
was necessary to calculate the spatial derivatives of the mag­
netic ﬁeld produced by the magnetosome chain. The magne­
tosomes were modeled as a chain of uniformly magnetized 
cylinders �see Fig. 2�b�� because the shape closely matched 
the actual magnetosomes and was easy to calculate. We used 
a cylinder length of b�50 nm, a radius of r0�17.5 nm, and 
a magnetosome separation of c�10 nm.5 Assume the mag­
netosomes were magnetized along the axis of cylindrical 
symmetry which allow the ﬁeld to be calculated by modeling 
an individual magnetosome as two oppositely magnetostati­
cally charged disks. Furthermore, because the MFM tip was 
always several disk radii away from the magnetosome chain, 
we found it convenient to expand the magnetostatic potential 
of a charged disk in terms of Legendre polynomials and cal­
culate the ﬁeld from B�“�M .11 
A grayscale image of �2Bz /�z2 from a chain containing 
21 magnetosomes using our expansion is shown in Fig. 3. 
The magnitude of the ﬁeld for a given z has been normalized 
to the maximum ﬁeld value at that height. This allows the 
effective contrast to be observed as a function of z even 
though the magnitude changes by roughly ten orders of mag­
nitude from a distance of 1 nm to 1 mm. 
A ﬁrst estimate of the magnetic moment of the chain of Proksch et al. 2583 
FIG. 4. Results of ﬁtting the MFM tip model to the dipolar signal from the 
magnetotactic bacteria cell in Fig. 1. An inset from Fig. 1 shows the portion 
of the image the data for ﬁtting was extracted from. The ﬁtted moment was 
4�10�13 emu for this cell. The tip-sample separation used in the calcu­
lation of the best ﬁt was 65 nm. The effects of varying this parameter are 
shown in curves A and B where a tip-sample separation of 50 and 100 nm, 
respectively, were used. 
magnetosomes comes from a simple geometric observation. 
From Fig. 1�a�, the distance between the minimum and the 
maximum in the MFM image is 1.25 �m. A careful inspec­
tion of Fig. 3 reveals that the distance between the minima 
and the maxima of the z component of the ﬁeld derivative 
corresponds to the total length of the magnetosome chain if 
z�1.3 �m. In this limit the max–min value can be used to 
determine the actual length of the chain of magnetosomes. 
This and TEM measurements of the dimensions of the mag­
netosomes �b�50 nm and c�10 nm� constrains the number 
of magnetosomes to be 21, justifying our original choice. 
Assuming the magnetosomes are uniformly magnetized, 
single domain magnetite particles �MS�480 emu/cm3� the 
total moment of the chain is calculated to be 1.2�10�12 
emu. This is a value 7.5 times larger than the bulk average. 
Using the above estimate of the cellular moment as a 
staring point, a nonlinear Levenberg–Marquardt12 ﬁtting 
routine was employed to further reﬁne the measurement of 
the magnetic moment from the nanoscale magnetic assembly. 
The ﬁtting procedure yielded a moment for the bacterial cell 
of 4�10�13 emu with a tip-sample separation of 65 nm. 
This value for the moment is more than a factor of three 
smaller than the geometrical estimate and closer to the value 
obtained from the bulk magnetization measurements. The re­
sults of this ﬁtting are shown in Fig. 4. The effects of varying 
the tip-sample separations between 50 and 100 nm are shown 
in curves A and B of Fig. 4. We repeated this procedure for 
two cells with smaller signals and found the ﬁtted moments 
to be 1�10�13 and 2�10�13 emu, respectively. 
We have presented a procedure for the quantiﬁcation of 
the MFM image of a magnetotactic bacterium. The proce­
dure was iterative, starting with a model of the system based 
on TEM measurements and then reﬁned with a nonlinear 2584 Appl. Phys. Lett., Vol. 66, No. 19, 8 May 1995 ﬁtting routine. For systems where there is no a priori mag­
netic information, quantiﬁcation of MFM images will require 
an accurate determination of the tip to specimen distance, 
and of the magnetic state of the sensing tip. Although use of 
bits in a hard disk are convenient for the latter, it may be 
necessary to calibrate the system using a better deﬁned mi­
cromagnetic system such as these magnetotactic bacteria. 
Other magnetic microscopies may also provide useful 
information, especially scanning SQUIDs and Hall probes 
which are capable of very sensitive ﬁeld measurements and 
have the advantage of giving direct ﬁeld values rather than 
gradients. While the lateral resolution of a SQUID13 is insuf­
ﬁcient to resolve the ﬁeld from a magnetotactic bacterium, it 
is possible that a scanning Hall probe might have both the 
sensitivity and lateral resolution.14 
This work also represents the ﬁrst direct magnetic mea­
surement of the magnetic dipole moment of a magnetotactic 
bacterium. The fact that the ﬁnal ﬁtted moment was smaller 
than that estimated from the length of the chain, could be due 
to gaps in the chain, or to micromagnetic effects such as 
curling of the moments in the particles to reduce the magne­
tostatic energy. Further study will be required to clarify this 
point. In any case, it is clear that MFM can be a useful tool 
for the study of magnetotactic bacteria and other nanoscale 
magnetic structures. 
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